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INTRODUCTION 
To ensure manufacturing quality and safe use of thick dielectric composite structures 
it is essential to utilize a nondestructive testing technique for inspecting their structural 
integrity. As the thickness of these composite structures increase, most of the nondestructive 
testing (NDn techniques become less capable of detecting defects. Microwave signals can 
penetrate deep inside dielectric materials and interact with their inner structure. They are also 
sensitive to changes associated with boundary interfaces, which makes them very attractive 
for disbond detection in composite structures [1,2]. In a thick sandwich composite structure 
a disbond can occur between any two layers (i.e. in the place of an adhesive line). The 
results of an electromagnetic model investigating the potential of a microwave NDT method 
for detecting disbonds and the potential of determining their depths in a multi-layered 
sandwich composite is presented. The model describes the interaction of microwave signals, 
radiating out of an open-ended rectangular waveguide, with a multi-layered composite 
structure. The composite structure under consideration includes thirteen layers of various 
materials (three layers of foam with two skin laminates and two similar substrates in between 
the foam layers) and two layers of air (standoff in front of the sample and free-space 
backing). Each layer is bound to another by a thin layer of adhesive. A layer representing a 
disbond is considered to be present in between any given two layers, replacing the adhesive 
line. The goal of the modeling is to arrive at optimum measurement parameters (frequency 
and standoff distance) for detecting a disbond and providing information about its depth. 
THEORETICAL MODELING 
In a previous experimental study on disbond detection, optimization was conducted 
experimentally [3]. The theoretical modeling for an open-ended rectangular waveguide 
radiating into a multi-layered media developed in [2] was expanded and used to model the 
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structure under investigation. The model represents the electric and magnetic fields in the 
waveguide as a summation of infinite number of discrete modes to obtain the admittance at 
the aperture of the waveguide and consequently the reflection coefficient 
The output of the theoretical code is the reflection characteristics calculated at the 
aperture of the waveguide; namely, the phase and magnitude of the reflection coefficient 
calculated as a function of the composite geometry and properties, the standoff distance and 
the operating frequency. Figure 1 shows a schematic of the sandwich composite under 
investigation. The layer by layer description and characteristics (thickness and dielectric 
constant Er) of this structure are as follows: 
1. standoff distance - variable size 
2. skin laminate - 2.54 mm, Er = 4.5 - jO.045 
3. adhesive (glue line) - 0.28 mm, Er = 3.1 - jO.Ol 
4. outer core - 45 mm, Er = 1.1 - jO.OO26 
5. adhesive (glue line) - 0.28 mm, Er = 3.1 - jO.Ol 
6. substrate - 0.14 mm, Er = 4.5 - jO.045 
7. adhesive (glue line) - 0.28 mm, Er = 3.1 - jO.Ol 
8. inner core - 40.64 mm, Er = 1.1 - jO.OO26 
9. adhesive (glue line) - 0.28 mm, Er = 3.1 - jO.Ol 
10. substrate - 0.14 mm, Er = 4.5 - jO.045 
11. adhesive (glue line) - 0.28 mm, Er = 3.1 - jO.Ol 
12. outer core - 45 mm, Er = 1.1 - jO.OO26 
13. adhesive (glue line) - 0.28 mm, Er = 3.1 - jO.Ol 
14. skin laminate - 2.54 mm, Er = 4.5 - jO.045 
15. air backing (infinite half-space of free-space) 
All layers are low permitivity and low loss dielectric materials, and the total thickness of the 
structure is ... 14 cm 
STANDOFF DISTANCE & FREQUENCY ANALYSES 
For the schematic of the composite shown in Figure 1 there are two parameters which 
may be used for measurement optimization of disbond detection and depth determination: 
namely, the standoff distance and the operating frequency [3,4]. For all cases described in 
this paper a disbond is assumed to replace an adhesive layer (0.28 mm thick). Therefore, 
there are six possible disbond locations in the structure as shown in Figure 1. Furthermore, 
the spatial extent of a disbond is assumed to be much larger than the aperture of the sensing 
waveguide. To obtain optimum measurement parameters for each disbond, standoff distance 
was varied between 0 mm (contact) to 6 mm at one millimeter intervals. The frequency range 
of 26.5-40 GHz (Ka-band) was used for these analyses (other frequencies were considered 
as well). The waveguide dimensions for this band are 7.11 mm x 3.56 mm. In the 
following section the results of the combined standoff distance and frequency analyses are 
presented. 
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Figure 1. Schematic of the sandwich composite. 
RESULTS 
The phase difference between the no disbond and the disbonded cases at each 
standoff distance as a function of frequency was calculated for all possible disbond locations. 
Phase difference for the first disbond (first glue line replaced by air) at all stand off distances 
is shown in Figure 2. It is clear that the phase difference necessary for detecting this disbond 
is sufficiently large (SO degrees at a standoff distance of 2 mm and at a frequency of 33 
GHz). Furthennore, there are several regions in which the phase difference is not only large 
but fairly constant (1 mm standoff distance between 34 and 40 GHz). Relatively constant 
phase variation is a desirable feature from a practical point of view since no frequency 
selectivity is required in such cases. Figure 3 shows the phase difference for the second 
disbond (second glue line replaced by air). The maximum phase difference is calculated to be 
... 8 degrees at a combination of 2 mm standoff and in the frequency range of 29 - 30.5 GHz. 
The maximum phase difference obtained at any other combination does not exceed 2 degrees. 
Thus, this disbond may be detected only with the proper choice of both parameters. A 
similar optimization process was performed for each disbond A standoff distance of 2 mm 
was found to be optimal for detecting all disbonds in Ka-band Figure 4 shows the phase 
difference for the second, third, fourth, fIfth and sixth disbonds at a standoff distance of 2 
mm. For detection it is clear that operating at a combination of 2 mm standoff distance and in 
the frequency range of 29 - 29.5 GHz ensures the detection of all disbond. 
POTENTIAL OF DISBOND DEPTIf DETERMINA nON 
Another goal of the study was to investigate the potential of this particular microwave 
nondestructive testing technique to determine the depth of a disbond in a sandwich 
composite. Thus far, we have established that disbonds simulated by replacing all adhesive 
layers may be detected at certain standoff distances and operating frequencies. The depth 
determination could be performed by using several frequencies at a given standoff distance, 
several standoff distances at a given frequency, or a combination of these two. 
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Figure 2. Phase difference as a function of frequency at various standoff distances for the 
case of a disbond under the skin laminate (1st disbond). 
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Figure 3. Phase difference as a function of frequency at various standoff distances for the 
second disbond. 
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Figure 4. Phase difference as a function of frequency for the second, third, forth, fifth and 
sixth disbond at 2 mm standoff distance. 
In all cases first disbond can be unambiguously located due to the very large phase 
difference associated with it. Figure 4 shows that second and third disbonds cluster together 
and can be detected (not uniquely) at 29 GHz. The fourth, futh and sixth disbonds also 
cluster together. The phase difference between the two clusters is ,.,2.5 degrees, which is 
enough (theoretically) for unambiguous distinction. To resolve the ambiguity between the 
second and third disbonds another frequency such as 31 GHz can be used. At this frequency 
the relative phase difference due to these two disbonds is ,.,2 degrees. In practical 
applications in which there is access to both sides of the composite sixth, fifth and fourth 
disbonds are first, second and third from the other side. Since a commercial network 
analyzer is capable of measuring phase within ...0.5 degrees and a custom designed phase 
detector is capable of measuring phase within ,., 1 degree, the phase difference may be used to 
distinguish among the second, third, forth, futh and sixth disbond. 
CONCLUSIONS 
The preliminary results of a theoretical study, using an open-ended rectangular 
waveguide radiating into a multi-layered structure, for detecting disbonds and determining 
their depths were presented. The results indicated that disbond detection at all depths is 
possible at a number of frequencies and standoff distances. It was shown that a combination 
of frequencies and standoff distances may be used for unambiguous depth determination. 
Thus, we may use several sensors, each operating at a certain frequency and standoff 
distance to unambiguously detect and locate disbonds. 
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